Abstract. The sensitivities and specificities of IgG-ELISA and IgG flow cytometry based techniques using different Leishmania species were determined using sera collected from 40 cutaneous or visceral leishmaniasis patients. The flow cytometry technique, using promastigote parasite forms, performed better than total soluble extract IgG-ELISA. At the species level, the use of Leishmania amazonensis and Leishmania major as antigens in enzyme linked immunosorbent assay (ELISA) decreased the overall sensitivity. To assess the specificity of these tests, sera from malaria, toxoplasmosis, amoebiasis, schistosomiasis, and leprosy patients were used. We also included sera from Leishmania non-infected endemic individuals. The cutaneous species displayed a decreased specificity in both assays. Although more sensitive, flow cytometry using promastigote parasite forms generally presented lower levels of specificity when compared with total extract of IgG-ELISA. Overall, the results of the study show the potential of IgG flow cytometry for the diagnosis of leishmaniasis. Although highly sensitive, a refinement of the flow cytometry method should be performed to improve the overall specificity.
INTRODUCTION
Leishmaniasis is one of the major communicable diseases of the world, being the third most important vectorborne disease after malaria and sleeping sickness. Leishmaniasis is traditionally classified into three major clinical manifestations: cutaneous (CL), mucocutaneous (MCL), and visceral leishmaniasis (VL). 1 These distinct entities are characterized by a broad spectrum of non-pathognomonic clinical manifestations. Leishmaniasis symptoms can mimic diseases of other etiologies rendering the clinical diagnosis to be difficult. Furthermore, other pathologies with similar clinical manifestations (leprosy, tuberculosis, skin cancers, cutaneous mycoses for CL and malaria, African trypanosomiasis, brucellosis, toxoplasmosis, amoebiasis or schistosomiasis for VL) are common in Leishmania endemic areas. 2 Hence, a differential diagnosis is essential for confirming the clinical suspicion. 3 Ideally, all cases of leishmaniasis should be confirmed by direct detection and identification of infecting parasite species observation. Clinical specimens examined are usually infected skin biopsies (for CL and MCL) or aspirates from spleen, bone marrow or lymph nodes (for VL). The definitive diagnosis is achieved when parasites are detected by direct observation in stained microscopic preparations, in culture medium or in animal inoculation. 4 Although parasitologic diagnosis still remains the method of choice to confirm leishmaniasis, it is time-consuming and not feasible under field conditions. Moreover, the sensitivity of this technique can be low in sub-clinical infections depending on the clinical material, the sampling procedure and on the skills of the technical staff. Recently, the use of molecular biology techniques (polymerase chain reaction [PCR]-based) is becoming increasingly relevant to the diagnosis of leishmaniasis because it is capable of detecting DNA or RNA unique to the parasite, with a high degree of specificity and sensitivity just a few weeks after the appearance of the first clinical symptoms. 5 Although molecular biology techniques can be used in the confirmation of all leishmaniasis cases, these methodologies are frequently the most powerful diagnosis tests producing positive results in CL, MCL and human immunodeficiency virus (HIV)/VL co-infected patients in which the humoral response is generally weak. Nevertheless, the use of PCR as a routine diagnostic method requires high equipment and working costs, which limits the feasibility of PCR diagnosis in developing countries.
Serologic approaches are also sensitive and often applied as indirect diagnostic methods. They are more commonly used in the diagnosis of VL than in CL or MCL, because the latter are in most cases associated with low levels of Leishmania circulating antibodies. 3 Among the serologic methods, the agglutination tests (direct agglutination test [DAT] and fast agglutination screening test [FAST] ) are specific and sensitive tests, suitable for both laboratory and field use. 6, 7 These tests use whole trypsinized, coomassie stained promasti gotes either as a suspension or in a freeze-dried form. Other serologic methods, such as indirect fluorescent antibody test (IFAT), immunoblotting, and enzyme-linked immunosorbent assay (ELISA) are classic methods used in the detection of Leishmania -specific antibodies. With the exception of ELISA, the latter are methods normally limited to laboratory conditions and require technical expertise. In contrast, ELISA-based techniques are valuable tools in the serodiagnosis of leishmaniasis and allow high throughput screening of a large number of samples. Most commonly used in ELISA are total crude soluble antigens derived from the promastigote stage of different Leishmania species. 8 These ELISA showed sensitivities and specificities ranging from 80% to 100% and 85% to 95%, respectively. More recently, alternative methodologies have been proposed to increase overall sensitivity and specificity of conventional serologic approaches. One such approach is IgG flow cytometry to detect anti-live Leishmania braziliensis antibodies in sera of active cutaneous leishmaniasis patients. 9 In theory, the flow cytometry technique can specifically detect the antibodies recognizing the Leishmania surface antigens, therefore helping to restrain the potential cross-reactivity against more conserved intracellular structures. In addition, flow cytometry advantageously allows the analysis of thousands of parasites per assay. Therefore, it is generally accepted that while the diagnostic sensitivity depends on the test and the serologic procedure used, the specificity will depend strictly on the antigen rather than the methodology itself. 10 The objective of this study was to evaluate Leishmania spp.-specific recognition using both Leishmania promastigote total soluble extract IgG-ELISA and Leishmania promastigote IgG flow cytometry techniques.
MATERIAL AND METHODS
Enzyme linked immunosorbent assay (ELISA) for immunoglobulin. The soluble promastigote extracts and the ELISA technique were performed adapting the protocols described elsewhere with minor modifications. 11, 12 Briefly, after blocking with milk buffer (3% of low-fat milk in phosphate buffered saline pH 7.4 [PBS]), 50 μL of an optimized 1/100 dilution in PBS/Tween 20 0.05% of each serum was incubated for 30 min at 37°C in wells previously coated with 10 μg/mL of each extract. A peroxidase labeled goat antihuman IgG (Sigma, St. Louis, MO ) secondary antibody diluted at 1:5000 was added for a similar period of time, and the plates were developed with 0.5 mg/mL o-phenylenediamine dihydrochloride (OPD, Sigma) in citrate buffer.
Immunofluorescence by flow cytometry. The flow cytometry analyses with intact live Leishmania spp. promastigotes were performed as follows. The parasites were recovered from stationary-phase (5 days) cultures. After three washing steps with PBS, 5 × 10 5 promastigotes were incubated in 96-well U-bottom polysterene plates (BD Falcon, San Jose, CA ) with 25 μL of each serum diluted 1/50 in PBS/bovine serum albumin (BSA) 1% for 30 min at 4°C. Then, 10 μL of mouse fluorescein (FITC) labeled anti-human IgG (BD Pharmingen, San Diego, CA ) were incubated in each well for 30 min at 4°C. After three washing steps, Leishmania spp. promastigotes were re-suspended in 300 μL of PBS/BSA 1% and analyzed by flow cytometry in a fluorescence-activated cell sorting (FACS) scan equipped with CellQuest Pro software (BD Bioscences, San Jose, CA) . In all experiments we included positive and negative controls as previously described. 11 Parasites were identified on the basis of forward/side scatter values and a total of 10.000 events were acquired. For each experiment, on the basis of the histogram representing the binding of parasites incubated in the absence of human serum but in the presence of FITC conjugated mouse anti-human, an area was chosen to contain a maximum of 2.0% of positive fluorescent parasites (PFP). This area allowed for the measurement of the % PFP in all data analyzed.
Patients. We recurred to both techniques to measure the levels of anti-Leishmania immunoglobulins in the sera of 10 Surinamese cutaneous leishmaniasis patients caused by Leishmania (Viannia) guyanensis (cutaneous leishmaniasis New World [CLN]) 13 , which presented one to three lesions on their extremities and 10 Afghan cutaneous leishmaniasis patients, with chronic single to few lesions on extremities caused by Leishmania major (cutaneous leishmaniasis Old World [CLO] ). In addition, we included 10 Indian visceral leishmaniasis patients, caused by Leishmania donovani (VL [Ld] ) and 10 Brazilian visceral leishmaniasis patients, caused by Leishmania infantum (= Leishmania chagasi ) 14 [VL (Li)], all patients with clinical symptoms. Written informed consent was obtained from all patients included in this study.
Parasites. The soluble antigens and the live parasites were obtained from four distinct Leishmania species: L. major (MHOM/MA/81/LEM 265) 15 and Leishmania amazonensis (originated from the strain collection of WHO; MHOM/ BR/76/LTB-012), the main ethiologic agents of cutaneous leishmaniasis in the Old World and in the New World, respectively, and L. donovani (reference strain MHOM/IN/83/ DD8) 16 and L. infantum (= L. chagasi ) (reference strain MHOM/ MA/67/ITMAP-263), both agents of visceral leishmaniasis in the Old World. Promastigotes of all Leishmania species were cultured as previously described. 17 19 VL species present better overall sensitivity in the ELISA technique. Values of overall sensitivity varied from 87.5% to 95%, depending on the Leishmania spp. evaluated ( Table 1 ) . Among all groups of leishmaniasis patients, higher Leishmania IgG recognition was observed for VL patients, regardless of the antigen used. Indeed, all 10 VL sera were found positive for Leishmania spp.-specific IgG, except when L. major antigen was used; in that case one serum sample was found below cut-off value ( Figure 2 ) . However, the serologic diagnosis of CL remains problematic because of a lack of sensitivity and specificity when compared with their visceral counterparts 9 and an evident correlation between species-specific diagnosis and pathology could not be found in the present study.
RESULTS

Cut
L. major and L. amazonensis are both causative agents of CL, we anticipated a higher sensitivity for autologous antigens. Nonetheless, for the CL patients sera a better sensitivity was obtained when the visceral species, L. donovani and L. infantum (90%) were used as antigen, compared with their cutaneous counterparts, L. amazonensis and L. major (80%) in ELISA assay. Although surprising, there are several possible explanations for these results. First, we must consider that the reduced number of patients evaluated might contribute to an apparent lack of species-specific diagnosis. Second, the IgG reactivity of CL patients was found not to be significantly different in these two species, L. amazonensis and L. major , than when using visceral ones. The sera reactivity at 492 nm of CLO and CLN patients was 0.48 ± 0.22 and 0.78 ± 0.27, respectively, using L. amazonensis as antigen and 0.57 ± 0.23 and 0.99 ± 0.36, respectively, using L. major ( Figure 2 ). When visceral species were used as antigen in the ELISA technique, these values were 0.62 ± 0.30 infantum . This data may indicate that the sera of CL patients, which possess lower levels of Leishmania -specific antibodies, recognize preferably the most immunogenic Leishmania proteins, which should be present in higher quantities or differently transcribed/translated in visceral when compared with cutaneous species. For example, the amastigote stage specific A2 protein in CL isolates was lacking most of the nucleotide repeats that constitute the variable region at the 5′ end of the A2 sequences in VL that are responsible for its immunogenicity. 20 Further studies using a higher number of cutaneous disease patients and Leishmania species are needed to explore the lack of species-specific diagnosis in CL .
Determination of IgG ELISA specificity. The cross-reactivity of the ELISA was assessed using sera from microscopically confirmed anonomized P. falciparum cases (malaria; M) ( N = 10), leprosy (dermal pathologies; DP) ( N = 5), and other pathologies ([OP; toxoplasmosis [ N = 5], amoebiasis [ N = 5], and schistosomiasis [ N = 2]) that are infections that frequently overlap with endemic areas of leishmaniasis. In addition, we included sera recovered from Leishmania non-infected individuals living in endemic areas. High frequency of crossreactivity was observed from sera of malaria patients ( Table 1 ) . However, all sera recovered from patients with leprosy were found to react below the cut-off value for any antigen used. A similar observation was performed for the sera recovered from patients with other pathologies (toxoplasmosis, amoebiasis, and schistosomiasis). Only one serum was found to be positive in all Leishmania soluble extracts, with the exception of L. infantum . Moreover, a significant cross-reactivity was found for healthy individuals living in endemic areas of leishmaniasis ( Table 1 ). The overall specificity of the ELISA technique was high, varying from 82.4% with both cutaneous species to 85.9% for L. donovani and 89.5% for L. infantum.
Flow cytometry cut-off determination. The flow cytometry approach was initially developed to overcome the limitations of current ELISA diagnostic approaches. The flow cytometry technique has the advantage of using only outside membrane antigens as the epitope antigenic source for IgG binding. Hence, a decrease of cross-reactivity should be expected because the more conserved intra-cytoplasmatic epitope antigens would not be involved in the serologic detection. Similar to ELISA, the flow cytometry cut-off values for each Leishmania spp. were defined based on the ROC using sera obtained from non-endemic healthy individuals as negative controls and the reactivity of all leishmaniasis patients, both CL and VL, as positive values ( Figure 3 The flow cytometry methodology, although less specific, presents a higher sensitivity than ELISA technique efficiently diagnosing CL. The flow cytometry analysis using promastigote parasite form improved the IgG recognition, with an overall sensitivity of 95% using L. major or the visceral species and 97.5% using L. amazonensis ( Table 2 ). All sera recovered from the 10 VL patients were found to be positive regardless of the antigen used ( Figure 4 and Table 2 ). Although no significant differences were found in overall sensitivity, a better species specificity was observed during the flow cytometry analysis. The measurement of flow cytometry % PFP using sera from CLO and CLN patients was mean 30.66 ± 13.70 and 34.37 ± 23.26, respectively, using L. amazonensis and 33.47 ± 23.69 and 35.86 ± 16.23, respectively, using L. major . In contrast to ELISA measurements, the % PFP values were higher than those obtained using as antigen the visceral species, 23.54 ± 8.96 and 33.81 ± 15.00, respectively, using L. donovani and 19.70 ± 8.98 and 31.89 ± 16.09, respectively, using L. infantum . Similarly, VL patient sera preferentially recognize visceral species (with the % PFP values of 66.82 ± 31.99 and 70.30 ± 23.37 using L. donovani and L. infantum , respectively) when compared with the cutaneous ones (with the % PFP values of 46.84 ± 24.78 and 59.20 ± 31.23 using L. amazonensis and L. major , respectively) (two-tailed student's t test, P < 0.05 between L. donovani or L. infantum and L. amazonensis for the VL sera). Most likely, structural variation of major surface and released molecules between Leishmania species, which might lead to species-specific recognition, is responsible for this behavior. 21 
DISCUSSION
Although a large improvement was observed in terms of sensitivity using the flow cytometry methodology, a loss of specificity was observed, especially with the cutaneous species used as antigen ( Table 2 ). This was mainly caused by cross-reactivity with sera from malaria, amoebiasis and schistosomiasis patients, with no positive reactivity observed with sera from toxoplasmosis patients. In addition, there was one leprosy serum that cross-reacted with L. major promastigotes. Interestingly, a high level of cross-reactivity was found against sera recovered from healthy endemic individuals. The observed cross-reactivity can be explained by the presence of several evolutionarily conserved antigens identified in the Leishmania genome database. 22, 23 Therefore, the cross-reactivity observed with sera from malaria, amoebiasis and schistosomiasis patients might be the result of the presence of highly conserved epitopes of immunogenic Leishmania proteins present in both visceral and cutaneous forms. In opposition, the cross-reactivity detected with endemic healthy individuals was higher in flow cytometry than ELISA assays. This suggests previous contact(s) of healthy individuals living in Leishmania endemic areas with the parasite. Indeed, because not all infected sand-fly bites result in active infection, a transient and inconsequent contact with the parasite might allow the production of antibodies against easy accessible surface antigens. Overall, our results show that the cross-reactivity was higher when cutaneous species were used. Given the ancient evolutionary divergence in Leishmania species, 24 it is not surprising that different Leishmania species, in particular visceral versus cutaneous species, are recognized differently by the host immune system. Although the recent genome sequence completion of three Leishmania species show a high degree of conservation with less than 1% of species-specific genes, 25 it now seems clear that alternate translational control and protein stability will be responsible for the different phenotypical characteristics, such as Leishmania species tropism. 26 Similarly, one may consider that these mechanisms might lead to increased epitope conservation on cutaneous strains, which will explain their increased crossreactivity observed in this study. Future comparative genetic and proteomic studies will certainly elucidate this point .
Recently, the determination of IgG subclasses by flow cytometry was proposed as an upgrading methodology to obtain overall improved performance. 27, 28 In addition, another study showed considerably reduced cross-reactivity in the ELISA technique by measuring anti-Leishmania IgG1 antibodies. 29 Further studies are needed to investigate in detail the IgG subclass responses toward the different Leishmania species using both methodologies. Moreover, efforts should be made to develop a flow cytometry methodology using fixed promastigotes that present long-term stability. Because the manipulation of live parasites still constitute, although at a low extent, a risk of infection, this approach might be safer and also will assure a worldwide reproducible diagnostic test for all types of leishmaniasis.
In summary, on the basis of our results, we conclude that 1) the IgG flow cytometry methodology offers higher sensitivity than the ELISA technique; 2) promastigote visceral species offer better overall sensitivities in both techniques; 3) the diagnosis of CL, caused by Old and New World species, can be efficiently achieved recurring to flow cytometry; and 4) further studies focusing on IgG subclasses should be performed to improve the unexpected low specificity of flow cytometry. 
